The flow behavior and the microstructural evolution of aluminum alloy 7055 in two heat treatment conditions (homogenized vs. pre-rolled, solution treated, stretched and naturally aged (T3)) were investigated for a height reduction of 60% with deformation temperatures ranging from 370 • C to 450 • C and strain rates ranging from 0.01 s −1 to 10 s −1 . Flow stress decline ratio maps as a function of deformation temperature and strain rate were produced along with processing maps at a strain of 0.8 to reveal optimum hot-working conditions for deformation at strain rates of 0.01 s −1 to 0.1 s −1 . The results showed that the stress drop ratio during deformation is higher for the homogenized condition than for the pre-rolled, T3 condition. A higher degree of recrystallization after deformation was observed in the pre-rolled, T3 condition due to finer second phase particles, smaller grain size, and more numerous sub-grains. The mechanism for deformation softening is discussed in the context of grain boundary characteristics.
Introduction
Al-Zn-Mg-Cu alloys have been a primary choice of structural materials for aircraft due to their low weight, high specific strength, excellent fracture toughness and good stress corrosion cracking resistance [1] . Alloy 7055, with its higher Zn/Mg ratio and lower Fe and Si contents, is an outstanding example of high-strength Al-Zn-Mg-Cu alloys, especially for application in compression-dominated structures. During the manufacture of 7055 thick plates, the DC-cast ingot is generally homogenized and hot rolled before solution treatment. Rolling aims to reduce the thickness of ingots, eliminate residual solidification porosity, reduce the size of intermetallics in the microstructure and refine grains to improve subsequent processing and mechanical properties. During hot rolling, dynamic recovery (DRV), and dynamic recrystallization (DRX) can happen, which are typical softening mechanisms in aluminum alloys at elevated temperature. DRV involves the annihilation and rearrangement of the dislocations; while DRX involves the development of high angle grain boundaries and/or the formation of new grains.
Microstructure Characterization
The microstructures were characterized using a field emission scanning electron microscope (SEM, TESCAN MIRI 3, Brno, Czech Republic) with an electron backscatter diffraction (EBSD) detector (EBSD, EDAX Inc., Oxford Instruments, Abingdon, UK) and a backscattered electron (BSE, TESCAN, Brno, Czech Republic) detector. The EBSD specimens were sectioned parallel to the compression axis of the deformed specimens, and the examined surface was prepared by grinding (200# to 4000# emery paper) then electropolishing in a solution of 10% HClO 4 and 90% C 2 H 5 OH at 20V. The EBSD maps were obtained by using an HKL technology EBSD system (version 3.2, EDAX Inc., Abingdon, UK) interfaced to a TESCAN MIRI 3, operated at 20 kV. Sub-grains were defined by a misorientation angle from 2-15 • . Grain size was determined using the EBSD Channel 5 software with a critical misorientation for different grains of >15 • . Misorientation gradients in each grain were estimated by GOS, which is defined as the misorientation between all measurement points of a grain and the grain average orientation. Partitioning was carried out by a GOS approach considering a 5 • grain tolerance angle using the standard procedure of grain dilation [13] .
Results

Microstructure of the Samples before Hot Compression
The homogenized microstructure before deformation shows equiaxed grains with an average grain size of 108 µm. Some new grains exist at the corners of the grain boundaries, as marked for example by the red arrows in Figure 1a . However, for the pre-rolled (T3) material, the average grain size is 21 µm, and large populations of both sub-grains (delineated by red lines) and recrystallized grains (black lines) are observed in Figure 1d . 
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Microstructure of the Samples before Hot Compression
The homogenized microstructure before deformation shows equiaxed grains with an average grain size of 108 μm. Some new grains exist at the corners of the grain boundaries, as marked for example by the red arrows in Figure 1a . However, for the pre-rolled (T3) material, the average grain size is 21 μm, and large populations of both sub-grains (delineated by red lines) and recrystallized grains (black lines) are observed in Figure 1d .
The second phases are different in the two conditions as well. In the homogenized sample before deformation, the second phases are discontinuously distributed along the grain boundaries ( Figure 1b ) and some fine precipitates can be observed along the grain boundaries in Figure 1c . For the pre-rolled (T3) sample, small amounts of spherical and rod-like precipitates are present ( Figure  1e ,f), which are finer and more randomly distributed than in the homogenized material. Therefore, the major differences in the microstructure between the homogenized and pre-rolled (T3) samples are the grain size, the types of grains, the precipitate size and the number of precipitates. The second phases are different in the two conditions as well. In the homogenized sample before deformation, the second phases are discontinuously distributed along the grain boundaries ( Figure 1b ) and some fine precipitates can be observed along the grain boundaries in Figure 1c . For the pre-rolled (T3) sample, small amounts of spherical and rod-like precipitates are present (Figure 1e,f) , which are finer and more randomly distributed than in the homogenized material. Therefore, the major differences in the microstructure between the homogenized and pre-rolled (T3) samples are the grain size, the types of grains, the precipitate size and the number of precipitates.
Flow Stress Behavior
Typical true stress-true strain curves obtained during hot compression are presented in Figure 2 . In general, the flow stresses of homogenized samples (Figure 2a-d) are lower than those for the pre-rolled (T3) samples (Figure 2e-h) under the same compression conditions. This is consistent with the microstructural differences, that is, the flow stresses are lower with the larger grain sizes and coarser precipitates in the homogenized samples. 
Typical true stress-true strain curves obtained during hot compression are presented in Figure  2 . In general, the flow stresses of homogenized samples (Figure 2a-d) are lower than those for the pre-rolled (T3) samples (Figure 2e-h) under the same compression conditions. This is consistent with the microstructural differences, that is, the flow stresses are lower with the larger grain sizes and coarser precipitates in the homogenized samples. For both materials, the level of the flow stress consistently increases with decreasing deformation temperature. For each curve, the value of the true stress increases rapidly at the beginning of deformation and then remains unchanged or decreases slightly to some extent after attaining the peak stress. The increase of stress at the early stage of plastic deformation, observed in some samples, is caused by work hardening resulting from dislocation multiplication. After the For both materials, the level of the flow stress consistently increases with decreasing deformation temperature. For each curve, the value of the true stress increases rapidly at the beginning of deformation and then remains unchanged or decreases slightly to some extent after attaining the peak stress. The increase of stress at the early stage of plastic deformation, observed in some samples, is caused by work hardening resulting from dislocation multiplication. After the peak, the stress may be constant due to a good balance between work hardening and dynamic softening, or the stress may decrease due to a predominant dynamic softening effect. For example, it seems that dynamic softening offsets work hardening after the true strain exceeds about 0.05 in Figure 2e . There are different mechanisms of dynamic softening, and at low strain rates, the apparent decline of stress in the higher temperature range is often a result of more recrystallization [14] . As a result, there is a significant decrease in true stress after a true strain of about 0.05 in Figure 2f -g, but this is much less evident in the results from the homogenized samples in Figure 2a- 
In the pre-rolled (T3) condition, more sub-grains exist than in the homogenized condition, as shown in Figure 1a ,d. When the pre-rolled (T3) sample is heated to the deformation temperature, the higher stored energy and the moving of sub-grains [15] , favors dynamic softening.
In order to describe the drop in flow stress during hot deformation at different deformation temperature and strain rates, a flow stress decline ratio map is introduced in Figure 3 , based on the definition of R d in Equation (1) [16]
where σ s is the value of flow stress at the end of the deformation (taken at a true strain of 0.8 for this analysis) and σ p is the peak flow stress. peak, the stress may be constant due to a good balance between work hardening and dynamic softening, or the stress may decrease due to a predominant dynamic softening effect. For example, it seems that dynamic softening offsets work hardening after the true strain exceeds about 0.05 in Figure 2e . There are different mechanisms of dynamic softening, and at low strain rates, the apparent decline of stress in the higher temperature range is often a result of more recrystallization [14] . As a result, there is a significant decrease in true stress after a true strain of about 0.05 in Figure  2f -g, but this is much less evident in the results from the homogenized samples in Figure 2a -d.
In order to describe the drop in flow stress during hot deformation at different deformation temperature and strain rates, a flow stress decline ratio map is introduced in Figure 3 , based on the definition of Rd in Equation (1) [16]
where σs is the value of flow stress at the end of the deformation (taken at a true strain of 0.8 for this analysis) and σp is the peak flow stress. From the flow stress decline ratio map, it is clear that the most significant decrease of flow stress (blue areas in Figure 3 ) happens mainly in regions with a low strain rate of 0.01 to 0.1 s −1 (log ̇ = −2 to −1). At this strain rate level, the flow stress drops more for the homogenized condition than for the pre-rolled (T3) condition when the deformation temperature is in the range of 370 °C to 390 °C. The highest values of Rd (Rd > 0) for the homogenized condition occur in the temperature range of 370 °C to 450 °C at strain rates from 0.3 s −1 to 10 s −1 (log ̇ = −0.5 to 1), while for the pre-rolled (T3) condition, the highest values appear at temperatures of 370 °C to 400 °C for strain rates from 0.1 s −1 to 6.3 s −1 (log ̇ = −1 to 0.8) and 400 °C to 450 °C for strain rates from 0.1 s −1 to 5 s −1 (log ̇= −1 to 0.7). The regions with positive values of Rd are relatively smaller for the pre-rolled (T3) condition, which means that the stability of the flow stress in the pre-rolled (T3) condition is higher than in the homogenized condition for deformation at high temperatures. When the alloy is deformed at a higher strain rate or lower temperature, finer precipitates can reduce the nucleation energy of recrystallization and sub-grains can transform more easily into equiaxed grains [17, 18] . This results in reduced stress concentrations at the corners of grain boundaries. However, the value of Rd (Rd > 0) for the homogenized condition is higher than for the pre-rolled (T3) condition when deformation is From the flow stress decline ratio map, it is clear that the most significant decrease of flow stress (blue areas in Figure 3 ) happens mainly in regions with a low strain rate of 0.01 to 0.1 s −1 (log . ε = −2 to −1). At this strain rate level, the flow stress drops more for the homogenized condition than for the pre-rolled (T3) condition when the deformation temperature is in the range of 370 • C to 390 • C. which means that the stability of the flow stress in the pre-rolled (T3) condition is higher than in the homogenized condition for deformation at high temperatures. When the alloy is deformed at a higher strain rate or lower temperature, finer precipitates can reduce the nucleation energy of recrystallization and sub-grains can transform more easily into equiaxed grains [17, 18] . This results in reduced stress concentrations at the corners of grain boundaries. However, the value of R d (R d > 0) for the homogenized condition is higher than for the pre-rolled (T3) condition when deformation is carried out under the same temperature and strain rate. It can be deduced that finer precipitates and sub-grains are helpful to resist non-uniform deformation during hot compression, especially at lower temperatures or higher strain rates.
Another interesting phenomenon is that single flow stress peaks and stress oscillations are observed in both homogenized and pre-rolled (T3) conditions during deformation, and the value of R d is higher in homogenized than in the pre-rolled (T3) condition. Yamagata [19, 20] reported that multiple peaks due to stress oscillation could be induced as a result of discontinuous dynamic recrystallization (DDRX) in pure aluminum. Changing values of R d may therefore correspond to various deformation softening mechanisms, which will be discussed in the following sections.
Constitutive Equation and Processing Map
For a better understanding of the hot deformation behavior of alloy 7055, both constitutive equations and processing maps can be established on the basis of the experimental strain-stress curves. The constitutive equation is used to model the effects of deformation temperature and strain rate, which can be described by the Zener-Hollomon parameter Z, as [16, 17] 
where .
ε represents the strain rate, Q is the activation energy of hot deformation, R is the universal gas constant, and T is the deformation temperature.
The value of Q can be obtained from the strain-stress curves using the expression [14]
where α and n are material constants, and σ is the true stress. Based on the equations above, the average values of activation energy for the homogenized and pre-rolled (T3) samples are 122.7 kJ/mol and 135.6 kJ/mol, respectively. The reason for the higher value of Q for the pre-rolled (T3) condition may be that there are more fine precipitates to hinder dislocation movement in this condition. Table 1 shows the values of ln(Z) for the compression deformation of the homogenized and pre-rolled (T3) materials based on the experimentally derived Q values. At high ln(Z) values (above 20), the main deformation softening mechanism will change from dynamic recovery to dynamic recrystallization [21] . The deformation mechanism can be deduced from features on the strain-stress curves, such as stress increases, stress decreases and stress fluctuations. Flow stress fluctuations are typical for higher values of ln(Z) corresponding to strain rate ≥0.1 s −1 as illustrated in Figure 2 . Multiple peaks are generally observed due to DDRX [16] , so it is reasonable to deduce that higher values of ln(Z) are closely related to DDRX at higher strain rate and lower temperatures. During deformation at high strain rates, severe deformation heating helps in the formation of sub-grains via boundary migration rotation and developing high-angle grain boundaries [22] . In addition, lower deformation temperatures offer less energy for boundary migration as sub-grains rotate.
The higher decrement of true strain-stress at the beginning of deformation (decrease of flow stress at the true strain about 0.05) in the pre-rolled (T3) condition (Figure 2) can be explained by the difference in the microstructures before deformation. Sub-grains can easily transform into high angle grain boundaries, so more sub-grains grow into equiaxed grains (recrystallized grains) during compression of the pre-rolled (T3) sample than homogenized sample due to the existence of many more sub-grains. That also explains why the value of ln(Z) in the pre-rolled (T3) condition is higher than that for homogenized. Processing maps were generated to determine the appropriate process domains. 
in which m can be expressed as
where σ is the flow stress at a strain value of 0.8, .
ε is strain rate. For the identification of flow instabilities during hot deformation of materials, a dimensionless parameter, ξ, was introduced [23] 
The shaded areas in the maps indicate the unstable domains (ξ < 0) during thermal processing. It is observed that the main unstable domains for homogenized and pre-rolled (T3) samples during deformation are situated in a temperature range from 370 • C to 430 • C with strain rates of 1 s −1 to 10 s −1 (log . ε = 0 to 1), and a temperature range from 370 • C to 450 • C with strain rates 0.1 s −1 to 1 s −1 (log . ε = −1 to 0), respectively. The overlap between the unstable domain for homogenized and pre-rolled (T3) is the temperature range from 370 • C to 390 • C and strain rates from 1 s −1 to 10 s −1 (log . ε = 0 to 1). As mentioned above, severe deformation heating resulting from high strain rates offers more energy for boundary migration. Dynamically recrystallized regions at lower strains will tend to form around the old grains. With an increase of strain, the edges of those domains with high local stress resulting from the softening by new grains will promote recrystallization [24] . Thus, bands of recrystallized grains are formed and will merge and broaden to develop a shear zone. Shear zones are expected to generate cracks in order to relieve local stress concentrations when the alloy is deformed at higher strains, which is not desirable for process control.
Generally speaking, a region with high power dissipation corresponds to a processing window that is most suitable for hot deformation. There are three high power dissipation regions for the homogenized condition at low strain rates. As shown in Figure 4a , the first peak of power dissipation is about 30%, in the temperature range from 380 • C to 390 • C and at a strain rate of 0.01 s −1 (log . ε = −2). The second peak of power dissipation is about 28%, in the deformation temperature range from 400 • C to 410 • C and at a strain rate of 0.01 s −1 (log . ε = −2). The last region with the highest power dissipation efficiency of 36% is in the deformation temperature range from 430 • C to 450 • C and at a strain rate of up to 0.01 s −1 (log . ε = −2), which is optimum for processing due to the wide temperature window. Comparatively, for the pre-rolled (T3) condition, the most suitable processing domain is located in a deformation temperature range from 410 • C to 450 • C and at a strain rate ranging from 0.01 s −1 Figure 4b . Furthermore, suitable process windows can also be deduced from the flow stress decline ratio map shown in Figure 3 . In this map, a lower decline ratio indicates more stress softening in the deformation stage, which is conducive to smooth processing. As a result, a domain with a lower decline ratio corresponds to the best hot workability. Comparatively, for the pre-rolled (T3) condition, the most suitable processing domain is located in a deformation temperature range from 410 °C to 450 °C and at a strain rate ranging from 0.01 s −1 ( log ̇= −2) to 0.03 s −1 (log ̇= −1.5), as shown in Figure 4b . Furthermore, suitable process windows can also be deduced from the flow stress decline ratio map shown in Figure 3 . In this map, a lower decline ratio indicates more stress softening in the deformation stage, which is conducive to smooth processing. As a result, a domain with a lower decline ratio corresponds to the best hot workability.
A comparison between the decline map and processing map ( Figures 3 and 4) reveals that the optimum hot-working conditions for the homogenized material are in the temperature range of 405-450 °C and over a strain rate range of 0.01−0.08 s −1 (log ̇= −2 to − 1.1), while for the pre-rolled (T3) material, the most suitable processing temperature range is 430-450 °C with a strain rate range of 0.01 s −1 to 0.1 s −1 (log ̇= −2 to − 1). Figure 5 illustrates the deformed microstructures of the homogenized and the pre-rolled (T3) samples that were hot compressed at 450 °C with a strain rate of 1 s −1 . It is evident from Figure 5a that for this homogenized and deformed sample, the compressed grains become flat and elongated in the radial direction. New grains, mainly distributed along the original grain boundaries in Figure  1a , have developed and grown (Figure 5a ). According to the data acquired by EBSD, low-angle boundaries can be observed in the grain interiors. Similarly, the pre-rolled (T3) sample after hot deformation also shows low-angle boundaries in the grain interiors and new grains along the original grain boundaries (Figure 5b) . One difference is that in the latter, some elongated grains along the rolling direction are bent. The elongated grains with narrow spacing, originating from hot rolling before solution treatment in the pre-rolled (T3) sample, were compressed with loads parallel to the rolling direction, which led to grain warping. Figure 5 illustrates the deformed microstructures of the homogenized and the pre-rolled (T3) samples that were hot compressed at 450 • C with a strain rate of 1 s −1 . It is evident from Figure 5a that for this homogenized and deformed sample, the compressed grains become flat and elongated in the radial direction. New grains, mainly distributed along the original grain boundaries in Figure 1a , have developed and grown (Figure 5a ). According to the data acquired by EBSD, low-angle boundaries can be observed in the grain interiors. Similarly, the pre-rolled (T3) sample after hot deformation also shows low-angle boundaries in the grain interiors and new grains along the original grain boundaries (Figure 5b) . One difference is that in the latter, some elongated grains along the rolling direction are bent. The elongated grains with narrow spacing, originating from hot rolling before solution treatment in the pre-rolled (T3) sample, were compressed with loads parallel to the rolling direction, which led to grain warping. Comparatively, for the pre-rolled (T3) condition, the most suitable processing domain is located in a deformation temperature range from 410 °C to 450 °C and at a strain rate ranging from 0.01 s −1 ( log ̇= −2) to 0.03 s −1 (log ̇= −1.5), as shown in Figure 4b . Furthermore, suitable process windows can also be deduced from the flow stress decline ratio map shown in Figure 3 . In this map, a lower decline ratio indicates more stress softening in the deformation stage, which is conducive to smooth processing. As a result, a domain with a lower decline ratio corresponds to the best hot workability.
Microstructure Evolution
A comparison between the decline map and processing map (Figures 3 and 4) reveals that the optimum hot-working conditions for the homogenized material are in the temperature range of 405-450 °C and over a strain rate range of 0.01−0.08 s −1 (log ̇= −2 to − 1.1), while for the pre-rolled (T3) material, the most suitable processing temperature range is 430-450 °C with a strain rate range of 0.01 s −1 to 0.1 s −1 (log ̇= −2 to − 1). Figure 5 illustrates the deformed microstructures of the homogenized and the pre-rolled (T3) samples that were hot compressed at 450 °C with a strain rate of 1 s −1 . It is evident from Figure 5a that for this homogenized and deformed sample, the compressed grains become flat and elongated in the radial direction. New grains, mainly distributed along the original grain boundaries in Figure  1a , have developed and grown (Figure 5a ). According to the data acquired by EBSD, low-angle boundaries can be observed in the grain interiors. Similarly, the pre-rolled (T3) sample after hot deformation also shows low-angle boundaries in the grain interiors and new grains along the original grain boundaries (Figure 5b) . One difference is that in the latter, some elongated grains along the rolling direction are bent. The elongated grains with narrow spacing, originating from hot rolling before solution treatment in the pre-rolled (T3) sample, were compressed with loads parallel to the rolling direction, which led to grain warping. The degree of recrystallization shown in Figure 5c , based on statistics from Channel 5 software, increases with increasing temperature from 370 • C to 450 • C. When the alloy is deformed at a low deformation temperature, a high density of tangled dislocations is generated in the grain interior and then develops into dislocation walls [25] . The migration rate of dislocations is improved with increasing temperature, which leads to an easier occurrence of dynamic recrystallization. In addition, the degree of recrystallization in the homogenized sample is less than in the pre-rolled (T3) sample for any given deformation condition. It is well known that the driving force for recrystallization correlates positively to dislocation density but negatively to grain size [26] . The pre-rolled (T3) sample had been stretched to 2% after solution treatment, which induced more dislocations than in the homogenized sample. Furthermore, the pre-rolled (T3) sample also has a smaller average grain size than the homogenized one, as mentioned above (Figure 1) . Therefore, the driving force for recrystallization for the pre-rolled (T3) sample with a smaller grain size and more dislocations is higher than for the homogenized sample, which accounts for the larger degree of recrystallization during hot deformation in Figure 5c .
According to the processing maps illustrated in Figure 4 , three representative domains can be chosen to study the microstructure evolution, i.e., domain I is an unstable region, domain II is all areas close to the unstable domain boundary (with typical areas pointed out by the blue arrows), and domain III represents the optimum processing domain. Grain orientation spread (GOS) maps of homogenized or pre-rolled (T3) samples after deformation in those domains are shown in Figure 6 . Shear bands with fine equiaxed grains [27] are identified by black rectangles in Figure 6a ,e. GOS is the average deviation in orientation between each point in a grain and the average orientation of the grain [28, 29] . A low GOS value always means low plastic deformation and uniform misorientation, which can be used to identify the recrystallized grain (below 2 • ). From Figure 6a -c,e-g, it can be seen that the recrystallized grains are surrounded by deformed grain boundaries or located at the triple junctions of deformed grains in both samples. The number of recrystallized grains (misorientation angle less than 2 • , shown in green and blue in Figure 6 decreases following the sequence from optimum processing domain to near unstable domain to unstable domain. The optimum processing domain with its low value of ln(Z) is easy to recrystallize due to more energy and time for dislocation movement.
Through the misorientation profile analysis performed on line 1 and line 2 in Figure 6b ,f of homogenized and pre-rolled (T3) samples after deformation, the point-to-origin (cumulative) misorientation in the grains of the homogenized and deformed alloy was over 15 • , indicating a good development of the progressive sub-grain rotation, which is a sign of continuous dynamic recrystallization (CDRX) [30, 31] . Meanwhile, the increasing fraction of misorientation from 10 • to 15 • also suggests the occurrence of CDRX [31] , which can be found in Figure 7c . However, the reduced amount of misorientation within 10-15 • and the low point-to-origin misorientation value after deformation of the pre-rolled (T3) condition means less grains were formed by progressive sub-grain rotation due to the existence of sub-grains before deformation. When CDRX occurs, the flow stress curve generally attains a peak stress and then shows very little softening upon further strain [16, 22] . The fact that the grains are not fully surrounded by high-angle grain boundaries indicates that the CDRX transformation and formation of new grains are incomplete [21] . Grains with such CDRX features that are comprised of either high-angle grain boundaries (HAGB) or mid-angle grain boundaries (MAGB) with an angle range of 2 • to 15 • , are identified by red arrows in Figure 7a 
Conclusions
Samples of aluminum alloy 7055 in different heat treatment states were compressed in a temperature range of 370-450 °C at strain rates of 0.01-10 s −1 . Two heat treatments were considered: (i) homogenized after casting, and (ii) pre-rolled (T3) i.e., naturally aged after casting, Figure 7 . Grain boundary maps for homogenized (a,b) and pre-rolled (T3) (e,f) conditions, and grain boundary orientations for homogenized (c,d) and pre-rolled (T3) (g,h) conditions, where (a,e) are in unstable domains, and (b,f) are in optimum processing domains.
Grain boundary bulging (BLG), resulting from grain boundaries being pinned by impurities/ precipitates or sub-grains [31, 32] , has been found in the homogenized and deformed samples (Figure 7a,e, blue arrow) . BLG, as a mechanism of (DDRX), has been widely acknowledged [32, 33] and always leads to fluctuation of flow stress in the stress-strain curves [22] . In this case, the precipitate-pinned grain boundary resulted from dynamic precipitation, where fine precipitates were dynamic precipitated during hot compression [34] . However, for the pre-rolled (T3) and deformed samples, the grain boundary is pinned by large number of sub-grains (marked by red and green lines shown in Figure 1d ). The microstructure after DDRX is the so-called "necklace" structure [33, 35] , which appears in the grain boundaries shown in Figure 7a . Similar but finer "necklace" structures appear in the pre-rolled (T3) and deformed sample due to its smaller grain size in the original structure before deformation (Figure 1) .
In addition, an interesting characteristic is that some small grains consisting of original HAGB and MAGB are located at the corners of deformed grains, as highlighted by the black arrow in Figure 7a . Those flat and thin grains coincide with the features of geometric dynamic recrystallization (GDRX). When the strain reaches a critical level and the grain thickness reaches twice the sub-grain diameter, the concave serrations of the original grain boundaries will contact each other and perforate the original grain. This mechanism of GDRX was proposed by McQueen [35, 36] . In the pre-rolled (T3) and deformed condition, the structure of GDRX shown in Figure 7a is not observed. However, other distinctive grains (identified by the black arrows in Figure 7e -f) with grain boundary misorientation angles above 30 • are found. Those grains are not growing from recrystallized nuclei but are originating from the original sub-grains. This type of recrystallization mechanism with 'interrupt' characteristics is known as meta-dynamic recrystallization (MDRX) [37] [38] [39] . The grain boundary orientation plot in Figure 7h indicates that the fraction of grain boundary orientations above 30 • is generally increased after deformation, especially in the domain of optimum processing. There is an inconsistent tendency for misorientations within 10-15 • in the two types of samples, except in the optimum processing domain. When the pre-rolled (T3) sample is deformed at higher strain rates, a large number of LAGBs grow into HAGBs and some LAGBs are generated in the recrystallized grains, which causes a lower fraction of 10-15 • misorientations after deformation compared to the undeformed condition.
As discussed above, CDRX and DDRX both occur in samples after homogenization or pre-rolling (T3) followed by deformation, but GDRX only occurs in the homogenized and deformed condition and MDRX only occurs in the pre-rolled (T3) and deformed condition. In order to investigate the proportion of each mechanism in each condition, the grains were divided into different categories based on their microscopic characteristics and misorientation. The statistical results are listed in Table 2 , where DDRX refers to grains exhibiting the BLG feature, CDRX refers to grains without BLG and not fully comprised of high angle grain boundaries, GDRX refers to grains defined by their morphology as flat and thin or with a thickness reaching twice the sub-grain diameter, and MDRX refers to grain boundaries with misorientations above 30 • . It is obvious that DDRX as the main mechanism tends to appear in the unstable domain, but CDRX is inclined to occur in the optimum processing domain. Combined with Figure 3 , it is evident that R d values of less than −15 in the temperature range from 410 • C to 450 • C and strain rate range from 0.01 s −1 to 0.1 s −1 (log . ε = −2 to − 1) result from CDRX in both conditions. In addition, DDRX mainly appears in the unstable and near-unstable domains, which are located in the region with R d above zero (Figures 3 and 4) . GDRX only exists in the optimum processing domain for the homogenized and deformed sample due to less distortion at lower strains and a higher deformation temperature. Inversely, it is easy to observe MDRX grains in the pre-rolled (T3) and deformed condition at lower values of ln(Z) because of interrupted conditions (cooling and natural aging after hot rolling) for grain growth before deformation. DDRX  75%  56%  9%  66%  28%  28%  CDRX  18%  31%  91%  23%  38%  40%  GDRX  7%  13%  ----MDRX  ---19%  34%  32% 
